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DETERMINATION OF FENTANYL QUALIFICATION AND QUANTIFICATION 
IN PHORMIA REGINA (MEIGEN) (CALLIPHORIDAE) USING LC-MSMS 
 
BRIANNA ROBINSON 
 
ABSTRACT 
As a primary colonizer of carrion, Phormia regina plays a vital role in both 
nutrient recycling and ecosystems via carrion decomposition.  They are currently 
used by forensic scientists in establishing minimum post mortem interval 
estimation during criminal cases but recent research has that larvae can be 
further used for detection of drugs and toxins when traditional matrices are 
unavailable. In addition, the presence of toxins has been shown to increase or 
delay development of entomological specimens, which can be critical in a 
criminal investigation. It has become critical to understand the detection and 
effects of fentanyl on different matrices due to its increased use and high 
contribution to overdosing. 
The purpose of this study was to further analyze the question currently 
poised for forensic entomologists/toxicologists: if there is any correlation between 
concentrations of toxins in human postmortem tissue to those concentrations 
detected in blowfly larvae and can they be used reliably as samples for 
toxicological investigations. Using Phormia regina, this study evaluated LC-
MSMS to quantify and qualify fentanyl accurately as well as obtain some 
preliminary information pertaining to the effects of fentanyl on larvae 
development. 
vi 
A maximum of 100 individual pupae received from the University of New 
Haven (West Haven, Connecticut, USA) and University College of St. Mary 
(Omaha, Nebraska, USA) were placed inside a mesh enclosure with an ambient 
temperature of 26-28 °C. Chunks of beef liver were provided to the adults to 
facilitate oviposition. Eggs were collected and placed on homogenized ground 
liver pre-dosed with fentanyl. The doses for trial 1 were low end therapeutic 
levels (1.5 ng/mL and 3.0 ng/mL). The doses for trial 2 were a high end 
therapeutic level (50 ng/mL), a toxic level (125 ng/mL), a lethal level (250 ng/mL) 
and beyond lethal level (500 ng/mL). 
The larvae were monitored, and sample larvae were taken every day to 
confirm the lifecycle stage.  Triplicate larvae samples were collected at the 2nd 
instar, 3rd instar, post-feeding, pupae and adult life stages. The larvae were 
homogenized, extracted and analyzed using liquid chromatograph tandem mass 
spectrometry (Shimadzu, Kyoto; Japan).  Fifteen random specimens were 
selected and used as a representative set every day for each dose to monitor life 
stage duration.  These larvae were also measured to obtain a growth curve. 
During trial 1 where larvae were fed liver substrate with low-level amounts 
of fentanyl, the detection of the drug during 2nd/3rd instar, pupae and adult was 
either minimal or nonexistent.  Most of the results did not meet the criteria of 
acceptability for LOD and LOQ (0.5 ng/mL) for the method used for the LC-
MSMS except for one pupae from the 3.0 ng/mL dosed liver.  False positives 
were seen in trial 1 of the adult control sample set. As preliminary results remain 
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inconclusive, recovery involving chitinized empty puparial cases should be re-
analyzed utilizing a separate validated method for the empty puparial casings for 
optimum recovery.  During trial 1 the larvae went through life stages but only the 
control group successfully emerged into adults.  The development and survival 
rates of the larvae were noted but ultimately deemed inconclusive due to 
inconsistent temperatures forcing the larvae into diapause. 
During the trial 2 fentanyl was detected in 2nd and 3rd instar larvae fed on 
toxic and lethal level dosed meat while detection remained minimal or 
nonexistent in the post-feeding larvae of any dose. There was no correlation 
found between the feeding substrate and the larvae samples of any stage of the 
life cycle. The development rate to 2nd instar was delayed and correlated with the 
increase of fentanyl thus prolonging the total time for development from 2 to 4 
days. 
This study demonstrated that fentanyl was detectable in 2nd and 3rd instar 
larvae in toxic and lethal doses.  Further, it demonstrated that fentanyl delayed 
development in Phormia regina by up to 4 days when exposed to high levels of 
lethal dosing, effecting accurate post mortem interval estimation.  It was also 
concluded that there is no correlation between spiked food substrates and the 
concentration found in the analyzed insect.  Factors such as the considerable 
variation in toxins found in a corpse, decomposition chemicals, and different 
carrion insects during different times of the year, as well as more research are 
needed in the field before correlation can be confirmed.  As for development and 
viii 
survival rates, this remains to be the most important to note when studying toxins 
in insects.   
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1. INTRODUCTION 
1.1 Entomotoxicology: History & Purpose 
Forensic entomology is an umbrella term used to describe the study of 
insects associated with criminal events and how they can be used in legal 
investigations.1  Forensic entomotoxicology, a recent subset of forensic 
entomology,  has played a role in forensic science since 1980 when mercury was 
detected in blowflies.2  Forensic entomotoxicology investigates the presence of 
toxins and drugs in carrion-feeding insects in order to identify and quantify those 
substances relevant to criminal investigations.3,4  The first recorded forensic case 
involving insects and the extraction of drugs was in 1992, where cocaine and 
benzoylecgonine were detected in fly larvae from a decomposing body.2  Since 
then, there has been an upward trend in articles regarding forensic 
entomotoxicology.5  This growth in research has collected valuable data on a 
variety of successfully detected substances such as morphine, codeine, 
amphetamine, tricyclic antidepressants, benzodiazepines, and barbiturates.6 
Forensic entomology uses two primary sources of information to aid in 
criminal investigation; (1) the ecological succession of carrion insect communities 
and (2) the development of immature insects.7  This information is used to 
determine minimum postmortem interval (mPMI), which establishes a time since 
death by assessing the most relevant species on a carcass, as they arrive in a 
predictive order, and calculating the age of the most developed insect larvae of 
that species.8  Two considerations to note when determining minimum time since 
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death are, (1) the temperature-dependent rate at which insects develop through 
their life cycles and (2) the time it takes for insects to arrive on the body.1  Flies 
are among the most collected insects from corpses and remain the focus of most 
forensic invertebrate research.1  The family Calliphoridae (blow flies) are usually 
the first insects to arrive following death.1  
Feeding insects can provide more information besides mPMI and uses for 
entomology seem to be steadily increasing in different applications of forensic 
science. The collected information can be used in detection of injuries after 
death, movement of people through insect bites or infestations, remains 
relocation, food contamination, and wildlife forensics.1,9  A unique and specific 
use of insects in forensics is their use in tracking illegal drug shipments.5  In 
Mexico, drugs such as fentanyl precursors or opioid pills cut with white and black 
tar heroin enter the United States (U.S.) through the border and have been 
identified as being directly responsible for the increase of availability of these 
drugs in the United States.10  Shipments of illegal drugs often contain insect 
infestations, and in one case, Drug Enforcement Administration (DEA) officials 
were able to trail non-pharmaceutical fentanyl to a single clandestine laboratory 
by tracing the original environment of the insects found with the drugs.10  
Furthermore, technological advancements over the years have allowed forensic 
entomologists to extract a variety of data from insects, including drugs, gunshot 
residues, and host DNA.1  With the progression of interdisciplinary integration, 
forensic entomology has branched out, such as with toxicology.  The effects of 
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drugs on insects are also considered during the investigation as establishing 
mPMI is highly dependent on arthropod development.3  The variety of insects 
used in entomotoxicology is not limited to flies as even beetles that predate on 
the larvae that consumed human tissues have been used for toxicological 
analysis.3  Despite the range of invertebrates that may inhabit a corpse, (such as, 
flies, snails, millipedes, and mites) only a few species have been studied enough 
to be utilized by forensic entomologists.1  Moreover, from this small number of 
species, even less have been studied for toxicological analysis.  
Female flies will look for wound sites or orifices on human remains to lay 
eggs.  The eggs will hatch, and this is where the larvae will secrete enzymes and 
bacteria, which aid the consumption of tissues on a carcass.1  Larvae will molt 
through three stages of growth (instars), feeding until they are ready to pupate off 
the food source and into the surrounding soil, clothing, or underneath objects.1  
After a period of metamorphosis, the adult fly emerges.  When larvae feed on 
human tissue containing drugs or other substances, as long as the intake is 
higher than the larva metabolism, it can be detected in a fly matrix sample.2  The 
empty puparial cases that come from this final emergence are a prime focus of 
forensic research as these puparial cases can persist around the corpse or in the 
soil remaining unchanged for a few years after adult emergence.11  For certain 
blowfly species, the time it takes to cycle through from egg to adult may be as 
short as ten days, but this varies significantly by the climate, temperature, and 
humidity.1  
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Due to the importance of mPMI in forensic entomology, the subfield of 
entomotoxicology also focuses on the adverse effects of chemicals and drugs 
that may affect their natural growth and development of insects.12  This is critical 
because toxins in an insect’s food substrate may cause disruptions to its 
development, either accelerating or extending life stages.7  An entomologist 
assumes they are growing at predictable rates when using insects for mPMI and 
potential external factors, such as drug ingestion, cannot be overlooked.  Multiple 
studies have noted both increased and decreased  growth rates and potential 
mPMI errors of up to 24 hours.9  For example, larvae that fed on substrates 
spiked with codeine developed faster than the control, larvae that fed on 
substrates spiked nicotine had no effect on development, and larvae that fed on 
ketamine spiked substrates developed slower than the control.12,13,14  The 
codeine study was also able to observe correlation between the spiked substrate 
and the larvae it tested while the nicotine and ketamine studies did not.12,13,14 
Complications by drug tropism in forensic entomotoxicology that need to be 
considered are metabolism, sequestration, and excretion of the drug over time as 
well as the effects of metabolites.7   
If the scientific community continues to use insects for establishing mPMI, 
the effect drugs have on the physiology of fly development needs to be 
considered.  Specialized areas focus on calculations of insect life development, 
place of death, cause of injury, as well as its use for mPMI and pre-appearance 
interval.5  Though multiple studies have indicated qualitative analysis is possible 
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and generally accepted, its  quantitative value and standardization of 
interpretation is still unclear. Quantitative data from insects can be beneficial in 
providing the estimated concentrations of toxins from a cadaver at time of death 
as they arrive quickly to body.  However, there are some concerns regarding the 
correlation between drug doses and extracting the drug or metabolites from 
insects feeding on humans.5  In favorable conditions, multiple variables will play 
a role on an insect’s attraction to a source and follow up development through its 
life stages.  The pharmacokinetics of drugs in insects is species dependent and 
factors such as development stage, mode of action of drug, absorption, 
redistribution, and metabolism of the drug can only be applied from to each 
unique species.15   
When the body is greatly decomposed, contaminated, burned, traditional 
samples such as blood or urine may be difficult to sample or completely 
unavailable.2  Furthermore, as a cadaver decays, conventional ways of 
measurements, such as body temperature and rigor, can be significantly altered 
at various temperatures and remain accurate for only a couple of days.4  When 
sampling traditional body fluids becomes difficult due to their absence, external 
factors or the presence of  skeletonization, insects may serve as a reliable 
alternate specimens for toxicological analyses.3  Furthermore, insects are 
generally present as a high quality sample and their spent puparia may survive 
harsh weather conditions up to a few years after death.16  It is also possible that 
insects may be preferable over decomposed matrices as they have been shown 
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to provide less instrumental interferences.17  In a comparative study done by 
Kintz et al. they showed that greater analytical sensitivity was achieved using fly 
larvae instead of putrefied material.18 
A variety of different instrumentation types such as gas chromatography 
(GC), thin layer chromatography (TLC), and high-pressure liquid 
chromatography-mass spectrometry (HPLC-MS) have been used in the detection 
of drugs and toxins in insect matrices.19  Gas chromatography-mass 
spectrometry (GC-MS) and liquid chromatography-tandem mass spectrometry 
(LC-MSMS) are the recommended techniques to use due to their specificity and 
sensitivity. 19 
 
1.2 Phormia regina (Meigen) 
The necrophagous blow fly, Phormia regina (Meigen) (Calliphoridae) is 
ubiquitous in the United States of America.20  The minimum development 
temperature for P. regina has been reported in the laboratory as 14°C with an 
upper threshold temperature of about 35 °C, thus the geographic range they 
inhabit is highly dependent on the season.21,22   They can be visually identified by 
their dark-green shiny body, black legs, and distinctive yellow-orange anterior 
spiracle (Figure 1).21  They typically range from 7-9 mm in length.23 
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Figure 1. Adult Phormia regina. (A) distinctive yellow-orange anterior 
spiracle.17 
 
P. regina have life cycles similar to that of other dipteran species.  The 
eggs hatch and as larvae feed through three instar stages; a first, second, and 
third. They will then move away from the food source, known as post-feeding 
larvae, and pupate.  Following metamorphosis they emerge as adults.21  The 
larvae molt after each instar before pupating in a hardened casing which protects 
them during metamorphosis. Ideal livable temperature ranges for P.regina are 
between 15 °C and 35 °C. 21  At constant temperature of 25 °C, the time it takes 
P. regina to develop the immature stages from first instar to pupa ranges from 
150 to 266 hours. 21 At the upper threshold limit of 40 °C, P. regina will not 
emerge from the pupae stage thus lower temperatures are needed to complete 
the life cycle. 21  However, anything lower than 15 °C will see similar results to 
high temperatures, in that either the time no ecolosion from eggs will occur. 21 
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During the early stages of decomposition, the adult female flies will use 
carrion as both the reproduction site and the location for depositing eggs.20  The 
larvae will develop on the carrion, using it as a food source.24  As a primary 
colonizer of carrion, this species plays a vital role in nutrient recycling via carrion 
decomposition.    
 
1.3 Fentanyl: Pharmacology 
 Fentanyl (Figure 2)  is a rapid-onset synthetic opioid with extremely high 
potency, of approximately 100 times more than morphine.25  Fentanyl selectively 
binds to the mu-opioid receptor in the central nervous system (CNS) and 
therefore mimics the effects of endogenous opiates.26  These receptors are 
distributed throughout the body including the brain, spinal cord, and other tissue 
exerting significant pharmacological effects such as euphoria, dysphoria, and 
drowsiness.26  Fentanyl is a highly lipophilic drug which enables rapid diffusion 
through membranes, including the blood-brain barrier.  These factors, along with 
fentanyl’s high receptor affinity, are reasons for increased potency.10  Fentanyl is 
like other opioids in its ability to reduce the intensity of pain and has become a 
highly valued recreational drug.27  The difference, however, is the chemical core 
structure which varies significantly from morphine, a naturally occurring opioid 
from the Papaver somniferum plant.27  Fentanyl is metabolized and almost 
exclusively eliminated through biotransformation by the liver into norfentanyl and 
other minor metabolites.28  All metabolites for fentanyl are inactive and, thus, 
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there are no pharmaceutical effects after metabolism.10  Fentanyl has an average 
terminal half-life elimination of seven hours, and within 72 hours of IV 
administration, approximately 75% of the dose is excreted in urine.26  
 
Figure 2.  2D Chemical Structure Depiction of Fentanyl.15  
 
The Drug Enforcement Administration (DEA) classify it as a schedule II drug, 
meaning that the opioid has a high potential for abuse, but it does have current 
medical purposes.29  Illegally, fentanyl has been increasingly used as an 
adulterant mainly in heroin, but it has also been mixed with other substances 
such as cocaine and synthetic cannabinoids as well as on its own.27  This is 
mainly due to the ease of manufacturing and availability of its precursors to be 
shipped internationally from China.27  These reasons have contributed to the 
dramatic growth in fentanyl related deaths in recent years.  
10 
 
1.4 Fentanyl: History and Abuse 
Historically, fentanyl was marketed as a medicine for pain management after 
its first synthesis in 1960 by Paul Janssen under Janssen Pharmaceutica.10  A 
decade later, it was approved by the United States Food and Drug Administration 
(FDA) as an IV anesthetic.10  Twenty years later and fentanyl has now been 
introduced through transdermal patches for widespread use as an analgesic for 
patients.  Following this during the 1990s there were reports of overdoses that 
continued into the early 2000s.10  In mid-2010, use of non-pharmaceutical 
fentanyl-laced with heroin and cocaine more than doubled, and the resulting 
number of overdoses has been exponential.10  From 2013 to 2016 the number of 
fentanyl related deaths doubled approximately each year.30  From 2011 to 2016 
the greatest increase in fentanyl drug overdoses in the U.S. was seen in the New 
England region, including Massachusetts, with rates that increased 113.6% per 
year.30 
When compared with the rest of the country, the northeastern region of the 
U.S., including Massachusetts, reported the highest percentages of opioid 
overdose deaths involving fentanyl.31  Initial studies regarding this increase found 
that fentanyl is a main factor in overdoses, as most people are unaware that the 
drug they have taken has been cut with fentanyl.31  The most reported route of 
administration is injection, as this method has rapid absorption and 100% 
bioavailability if taken intravaneously.31  The high potency of fentanyl means only 
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a small amount  (less than 2mg) is necessary to overdose.32  Due to the increase 
in accidental deaths by overdose, fentanyl is now routinely screened for 
toxicological analysis.   
 
1.6 Purpose of the Experiment 
In current studies, insects have demonstrated their effectiveness for 
toxicological analysis, especially in cases where remains are highly decomposed 
or skeletonised.2  However, results are mixed, with some studies describing a 
direct correlation between the drug concentration in larvae and humans and 
other studies state the opposite.2  The absence of a drug in insect feeding on 
remains does not necessarily indicate the substance was not present as it is 
impossible to predict based on the chemical structure of the drugs. 
The hypothesis of this research is that if a correlation between larvae and 
pupae food substrate can be found, then this would be an alternative matrix to 
consider in regular toxicology testing. This study evaluated the effects of fentanyl 
on blowfly larvae/pupae development and using LC-MSMS, to quantify and 
qualify fentanyl accurately.  This study also investigated different sample 
preparation methods to increase the reliability of results. 
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2. MATERIALS AND METHODS 
2.1 Solid Phase Extraction 
 Solid phase extraction (SPE) is a sample preparation method used 
in toxicological analysis of different matrices.  The technology behind SPE is that 
it uses solid packing material, typically bonded silica, polymer resins or 
hydrocarbons, to chemically separate the different components of a sample.33  
SPE is generally used to extract semi-volatile or nonvolatile analytes in solution 
but can also be used with solids that are pre-extracted into solvents.  
Compounds are retained by the cartridge sorbent, that may be reversed phase, 
normal phase, ion exchange, or adsorption.  The type of adsorbent and bed size 
used in analysis will depend on the type of analyte being detected as well as 
sample volume to provide optimal conditions for extraction.  
In reversed phase SPE the liquid phase will be polar, and the modified solid 
phase will be nonpolar.  The analytes of interest for reverse phase SPE are 
typically mid to nonpolar.  Different types of hydrophobic interactions will occur in 
reverse phase: (1) nonpolar-nonpolar interactions and (2) van der Waals or 
dispersion forces.  The retention of the analyte from polar solutions onto these 
materials is due primarily to one of these reactions occurring between the 
carbon-hydrogen bonds in the analyte and the functional groups on the silica 
surface.  To elute the analyte off the column, a nonpolar solvent is used to 
disrupt the forces binding the compound to the packing material. 
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2.2 Supported Liquid Extraction 
 
 Supported liquid extraction (SLE) is similar to traditional liquid-liquid 
extraction (LLE).  It utilizes water immiscible solvents for analyte extraction from 
aqueous solutions.  It differs from LLE as the aqueous sample is immobilized on 
the solid support while the organic phase flows through the matrix extracting the 
target analytes. SLE differs from SPE in that the entire sample volume is 
absorbed onto the extraction bed, rather than discarded through waste. The 
targeted analytes will separate into the elution solvent which is then collected and 
the matrix interferences are retained on the sorbent bed.  
 
2.3 Liquid Chromatography  
 Liquid Chromatography (LC) is a technique that separates out mixtures 
based on their individual components.  The theory behind this is based on the 
sample components affinity for the solid stationary phase housed inside the 
analytical column versus the liquid mobile phase.  In general, molecules with 
weak affinity to the stationary phase will pass through quickly, while strong 
affinity molecules will take longer to get through (elute).  Once the components 
pass through, they must be detected.  A commonly paired detector for 
toxicological analysis in the mass spectrometer. 
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2.4 Mass Spectrometry 
Mass spectrometry (MS) fragments and identifies components received 
from the LC.  The theory behind MS is that it will separate components based on 
their mass-to-charge (m/z) ratio.  These fragment ions are displayed as a 
spectrum on a graph that plots intensity of ion versus the m/z ratio.  Tandem 
mass spectrometry (MS/MS) utilizes two separate stages of mass analysis.  
Higher sensitivity is achieved as the extra analyzer increase resolution and help 
remove background noise. The interface, such as electrospray ionization, 
between the LC and MS allows for the maximum transfer of analyte, preserving 
the chemical identify of the sample while removing a portion of the liquid phase 
from the LC.  
Liquid Chromatography Tandem Mass Spectrometry (LC-MS/MS) was the 
choice for definitive detection for fentanyl as a more selective and sensitive 
method was needed as fentanyl is often detected in low doses. 
 
2.5 Materials 
2.5.1 Standards/Reagent Preparation  
 Standards of fentanyl 1 ng/mL and fentanyl-D5 100 µg/mL were 
purchased from Cerilliant (Round Rock, TX, USA).  Deionized water was purified 
using a Milli-Q Direct 8 system (EMD Millipore, Billerica, MA, USA).  Acetonitrile 
was purchase from Fisher Scientific (Fisher Scientific; Hampton, NH, USA). 
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Mobile phases solutions, (95/5 5mm ammonium formate with 0.1% formic acid in 
water/5mm ammonium formate with 0.1% formic acid in methanol) were 
purchase from Fisher Scientific (Fisher Scientific; Hampton, NH, USA). 
 
2.6 Methods 
2.6.1 Raising and Rearing Insect Colonies 
 P. regina pupae were received from the University of New Haven 
entomology department (West Haven, Connecticut, USA) and College of St Mary 
(Omaha, Nebraska, USA).  The pupae were placed inside of a housing unit near 
a window with access to natural lighting.  A maximum of 100 individuals were 
placed inside each housing unit to avoid overcrowding.  The ambient 
temperature of the room was 20.5 °C.  To maintain the temperature near the 
average survivable temperature of 26-28 °C, a heat lamp was place in front of 
the housing unit with a thermometer.  The heat lamp used has no unnatural 
lighting as constant light on rearing insects will increase the variation of the time 
for an insect to become an adult.34  Adult flies had constant access to water and 
sugar cubes, as a carbohydrate source. 
 Five days after the adult flies emerged, beef liver (Quality Meat Market, 
Roslindale, Massachusetts, USA) was provided as protein for the females to 
facilitate oocyte development and was left for 48 hours.  The liver was diced into 
cubes and placed on a moistened paper towel to keep the liver from drying out.  
After five days, cubed beef liver was provided once again to facilitate oviposition.  
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The liver was spread out on a moist paper towel to keep from drying out and to 
maximize the surface area for egg laying.  The housing unit was monitored 
frequently for eggs.  Egg clusters were collected and used for the negative 
control, and each of the therapeutic range doses. 
 
2.6.2 Obtaining Eggs and Dosing 
 Eggs were deposited onto ground beef liver (Savenor’s Market, 
Cambridge, Massachusetts, USA) aliquots already spiked with fentanyl (2 mL of 
25 mg/mL solvent in methanol and 2 mL of 100 ng/mg solvent in methanol) using 
a homogenizer with homogenizer tips (7 MM X 110 MM) that were purchased 
from Omni International (Kennesaw, GA, USA).  Aliquot samples of the 
homogenized dosed liver was taken for quantitation and confirmed for 
appropriate level doses. The doses were chosen based on the average fentanyl 
blood concentrations found in deceased victims.35,36  For trial 1, the doses were 
therapeutic (1.5 ng/mL and 3.0 ng/mL). For trial 2, the doses were at the high 
end of the therapeutic level (50 ng/mL), a toxic level (125 ng/mL), a lethal level 
(250 ng/mL) and beyond lethal level (500 ng/mL). 
The eggs were monitored, and a random sampling of 15 individual larvae 
was taken every day to confirm the lifecycle stage.  This was done by looking at 
the number of posterior slits inside paired spiracles.  Triplicate samples of larvae 
were collected at the 2nd instar, 3rd instar, as well as the pupal and adult life 
stages.  Three replicates is the minimum needed for statistical analysis.35  A 
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minimum of 30 individuals were obtained for each sample as this is the 
suggested standard for casework.11 The use of multiple insect samples is also to 
account for potential toxicant tropism as the larvae feed on different ‘sites’ of the 
ground liver and such a representative quantity is required for accuracy.37  The 
daily temperature and stage of each larval batch was monitored daily.  
 
2.6.3 Extraction 
 Specimens were immersed and sacrificed in hot water (>80°C) for 30 
seconds.  For trial 1 and 2, fifteen random individuals were taken as a 
representative set every day for each dose to monitor life stage duration.  These 
fifteen larvae were also measured to obtain a growth curve using a digital caliper 
under a Nikon SMZ1000 stereomicroscope (Bangkok, Thailand) and Nikon NI-
150 high intensity illuminator (Bangkok, Thailand).  The measurements were 
done as described by Magni et al.; the length of each larva was measured 
between the most distal parts of the head and the eight abdominal segment and 
the width was measured between fifth and sixth abdominal segments.14  The hot 
water prevents autolysis in the larva which would otherwise darken the 
specimens during storage as well as prevents shrinkage prior to preservation.1,38 
The samples to be analyzed were rinsed twice with deionized water to rinse 
away contaminants on the larvae and stored at -20°C until sample preparation.21  
The samples were weighed and homogenized until there was an even 
consistency with four parts to one-part deionized water. The homogenizer used 
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homogenizer tips (7 MM X 110 MM) that were purchased from Omni International 
(Kennesaw, GA, USA).  The samples were then centrifuged, the larvae matrix 
layer discarded and the desired volume of supernatant, 200 µL, was taken for 
analysis. 
 Pupae cases were prepared slightly differently.  There were collected and 
rinsed twice with deionized water.  The puparial cases were the dried at room 
temperature under nitrogen (<40°C).  Once dried, they were collected and crush 
ground with mortar and pestle.  The samples were homogenized in four to one 
ratio of deionized water until there was an even consistency.  The samples were 
then centrifuged, the fly matrix casing discarded and the desired volume of 
supernatant, 200 µL, was taken for further sample preparation. Pupae cases 
were only analyzed for trial 1 and not further in trial 2. This is because a different 
validated method was needed to completely extract the fentanyl from the chitin 
matrix of the pupae casings.   
 
2.6.4 Sample Preparation 
2.6.4.1 SPE 
 Larvae samples were analyzed using HybridSPE-Phospholipid Cartridges  
PLD+ (Supelco; Bellefonte, PA, USA).  Eight calibrators were prepared ranging 
from 0.5 ng/mL to 250 ng/mL.  Three quality controls were evaluated; 2.5 ng/mL, 
30 ng/mL and 150 ng/mL. A double blank and negative were prepared as well 
along with the triplicate samples. 200 µL of blood serum was aliquoted into test 
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tubes for the calibrators, double blank and negative.  200 µL of larvae 
supernatant was aliquoted into separate test tubes.  In each test tube, except the 
double blank, 20 µL of fentanyl-D5 (100 µg/mL in methanol) internal standard mix 
was added and vortexed.  Appropriate working stock solutions for calibrators and 
quality controls were added to the tubes. To the PLD+ cartridges, 800 µL of 
acetonitrile (ACN) was added. The sample/internal standard mix was then added 
to the cartridge and mixed with a pipette three to five times.  Positive pressure 
was applied for five minutes to slowly push the sample through the sorbent. The 
eluent was collected and evaporated to dryness at <40°C.  The samples were 
then reconstituted in 200 µL of mobile phase (95/5 5mm ammonium formate with 
0.1% formic acid in water/5mm ammonium formate with 0.1% formic acid in 
methanol) and analyzed on the LC-MSMS. 
 
2.6.4.2 SLE 
 Larvae samples in all trials were analyzed using Biotage® IsoElute SLE+ 
1mL Cartridges (Biotage; Sweden).  Eight calibrators were prepared ranging from 
0.5 ng/mL to 250 ng/mL.  Three quality control ranges were made as well; 2.5 
ng/mL, 30 ng/mL and 150 ng/mL.  A double blank and negative were prepared 
and analyzed with the triplicate samplings.  200 µL of whole blood was aliquoted 
into test tubes for the calibrators, double blank and negative. 200 µL of insect 
supernatant was aliquoted into separate test tubes.  In each test tube, except the 
double blank, 20 µL of fentanyl-D5 internal standard mix was added and vortexed 
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together.  Appropriate working stock solutions for calibrators and quality controls 
were added to the tubes.  200 µL of 1% ammonium hydroxide in water  (Fisher 
Scientific, Hampton, NH, USA), made fresh daily, was added to each sample.  
100 µL of 1% methanolic HCl (Fisher Scientific) was added to the SLE columns.  
The samples were then loaded, followed by applying manual pressure for three 
to five seconds.  The sample was allowed to absorb for five minutes.  To elute 
the analytes, 3 mL of dichloromethane/isopropanol (DCM/IPA) 95/5 was added to 
the columns.  This solution was allowed to flow through by gravity for five 
minutes.  A second 3 mL aliquot of DCM/IPA was added to the column and 
flowed by gravity for another five minutes. Pressure was then applied for 10-20 
seconds to pull through the remaining solvent.  The eluent was collected and 
evaporated to dryness at <40°C.  The samples were then reconstituted in 200 µL 
of mobile phase (95:5, 5mm ammonium formate with 0.1% formic acid in 
H20:5mm ammonium formate with 0.1% formic acid in methanol) and analyzed 
on the LC-MSMS. 
 
2.6.5 LC/MSMS Condition 
 Chromatography was performed using the Shimadzu LC system 
(Shimadzu, Kyoto; Japan).  Analytes were separated using an F5 HPLC column 
(Waters, Milford, MA, US). Fentanyl was detected using an AB Sciex 4000 
QTRAP triple quadrupole mass spectrometer with turbo spray ionization. 
MultiQuant Software™ (SCIEX) was used to analyze the data. Mobile phase A: 
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0.1% formic acid in water.  Mobile phase B: 0.1% formic acid in ACN.  The flow 
rate was 0.600 mL/min in gradient mode and the oven temperature was set to 
40°C.  The rinsing volume was 1000 µL.  The multiple reaction monitoring (MRM) 
transitions can be found in table 1. 
 
Table 1. MRM Qual + Quant Transitions for Fentanyl and Fentanyl-d5 
 
Q1 
Mass 
Q3 
Mass 
Time 
(msec) 
ID DP 
(volts) 
CE 
(volts) 
CPX 
(volts) 
337.2 188.3 10 Fentanyl 
Qual 
86 33 14 
337.2 105.1 10 Fentanyl 
Quant 
86 55 16 
342.2 105.2 10 Fentanyl
-d5 
90 55.74 17.21 
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3. RESULTS  
3.1 Sample Preparation Comparison 
Preliminary test runs with other sample preparation methods and pupae 
cases were shown to have no significant matrix interference.  The SPE method 
was run with an eight-point calibration curves with linear fit, 1/x, with a range of 
0.5 ng/mL – 250 ng/mL.  Spiked puparial cases of 1 mg/mL fentanyl were run 
alongside this calibration curve.  The calculated concentrations fell within the 
20% and there were no notable peaks outside of the expected retention times of 
fentanyl at 5.26 minutes and fentanyl D-5 at 5.24 minutes.  
 
3.2 Trial 1 
For the therapeutic level samples for larvae, both quantitative and 
qualitative results fell beneath the Limit of Detection (LOD) and Limit of 
Quantitation (LOQ), except for one of three pupal samples from the 3.0 ng/mL 
dose. The larvae of each life cycle stage and dose were sampled in triplicate and 
run with a calibration curve to qualify and quantify that life cycle stage. LC 
chromatograms detected low concentrations of fentanyl in pupal and adult 
samples (Table 2). The red boxes in Table 2 indicate values that were detectable 
by the LC but could not be accepted due to not meeting LOQ and LOD criteria. 
Eight-point calibration curves with linear fit, 1/x, with a range of 0.5 ng/mL to 250 
ng/mL were analyzed during each life cycle run to determine LOD/LOQ and 
confirm quantification and qualification of fentanyl in the larvae.  Carryover was 
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seen in subsequent solvent blanks following the highest calibrator, 250 ng/mL, as 
well as the high-quality control, 150 ng/mL. 
 
3.2.1 Substrate Samples 
Analysis of samples of control liver by SLE and LC-MSMS were able to 
qualitatively confirm the absence of fentanyl in the feeding substrate of the 
control.  The spiked liver concentration was confirmed by taking aliquot samples 
of the liver substrate.  It was then analyzed through the SLE sample preparation 
and running them on the LC-MSMS.  For the 1.5 ng/mL theoretical spiked liver, 
results showed a quantifying concentration of 1.56 ng/mL.  For the 3.0 ng/mL 
theoretical spiked liver, results showed a quantifying concentration of 2.67 
ng/mL. The liver was spiked with 2 mL of 25 ng/mL (1.0 mg/mL in methanol) and 
100 ng/mL fentanyl (1.0 mg/mL in methanol), resulting in 1.5 ng/mL and 3.0 
ng/mL respectively.  
 
3.2.2 Second Instar 
The larvae from the 2nd instar were split into three groups, a control, a 1.5 
ng/mL theoretical liver dose and 3.0 ng/mL theoretical liver dose. Each group 
was then sampled in triplicate and run with a calibration curve to qualify and 
quantify that life cycle stage.  The calibration curve calculated a quantifying R2 = 
0.99970 value with 1/x weighing.  The low, mid, and high-quality controls all fell 
within accepted ± 20% accuracy.  The control larvae were negative for the 
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presence of fentanyl. Internal standard was confirmed in all samples for quality 
control purposes. 
One sample of the triplicate from the 1.5 ng/mL liver was detected with a 
calculated concentration value of 0.106 ng/mL.  This concentration value 
however cannot be accepted as the intensity of the peak as well as the signal to 
noise ratio fall below the LOD of this calibration curve.  
One sample of the triplicate from the 3.0 ng/mL liver was detected with a 
calculated concentration value of 0.098 ng/mL.  However, again, this 
concentration value cannot be accepted as the intensity of the peak as well as 
the signal to noise ratio fall below the LOQ.  No other samples from any of the life 
cycles of the triplicates yielded detectable amounts of fentanyl.  
 
3.2.3 Third Instar 
The larvae from the 3rd instar were split into three groups, a control, a 1.5 
ng/mL theoretical liver dose and 3.0 ng/mL theoretical liver dose. Each group 
was then sampled in triplicate and run with a calibration curve to qualify and 
quantify that life cycle stage. The calibration curve calculated a quantifying R2 = 
0.99913 value with 1/x weighing.  The low, mid, and high-quality controls all fell 
within accepted ± 20% accuracy.  The control larvae were negative for the 
presence of fentanyl.  The internal standard was confirmed in all samples for 
quality control purposes. 
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One sample of the triplicate from the 1.5 ng/mL dose liver was detected 
with a calculated concentration value of 0.047 ng/mL.  This concentration value 
cannot be accepted as the intensity of the peak as well as the signal to noise 
ratio fall below the LOQ.  
Only one sample of the 3.0 ng/mL dose triplicate was detected with a 
calculated concentration value of 0.095 ng/mL.  However, again, this 
concentration value cannot be accepted as the intensity of the peak as well as 
the signal to noise ratio fall below the LOQ.  No other samples from any of the life 
cycles of the triplicates yielded detectable amounts of fentanyl.  
 
3.2.4 Pupae 
The pupae were split into three groups, a control, a 1.5 ng/mL theoretical 
liver dose and 3.0 ng/mL theoretical liver dose. Each group was then sampled in 
triplicate and run with a calibration curve to qualify and quantify that life cycle 
stage. The calibration curve calculated a quantifying R2= 0.99893 value with 1/x 
weighing.  The low, mid, and high-quality controls all fell within accepted ± 20% 
accuracy.  Internal standard was confirmed in all samples for quality control 
purposes. 
Unlike previous samples, all 3 triplicates of control larvae had a low 
quantifiable concentrations of fentanyl.  The average concentration for the pupae 
control is 0.15933 ± 0.005 ng/mL S.D.  For similar reasons in previous batches 
the concentrations values cannot be accepted as the intensity of the peak as well 
as the signal to noise ratio fall below the LOD and LOQ. 
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Likewise, for the dosed samples, all three triplicates of the 1.5 ng/mL liver 
were quantifying and qualifying low calculated concentrations.  However, for two 
of the three triplicates, the concentration values cannot be accepted as the 
intensity of the peak as well as the signal to noise ratio fell below the LOD and 
LOQ of this method.  
The third triplicate from the 1.5 ng/mL liver has a calculated concentration 
value of 0.616 ng/mL.  The intensity of the peak as well as the signal to noise 
ratio are above the LOD and LOQ for this calibration curve and so this value was 
accepted for this sample (Figure 3).  
 
Figure 1. The third triplicate sample from the 1.5 ng/ml dosed liver with a 
calculated concentration value of 0.616 ng/ml. 
 
All three triplicate samples of the 3.0 ng/mL liver were quantifying and 
qualifying low calculated concentrations. These concentration values however 
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cannot be accepted as the intensity of the peak as well as the signal to noise 
ratio fall below the LOD and LOQ. 
 
3.2.5 Adult 
The adults from the control liver with no fentanyl were sampled in triplicate 
and run with a calibration curve to qualify and quantify that life cycle stage.  The 
adults from the control were the only group to emerge from pupae, thus 1.5 
ng/mL and 3.0 ng/mL data was not able to be evaluated.  The calibration curve 
calculated a quantifying R2 = 0.99808 value with 1/x weighing. The low, mid, and 
high-quality controls all fell within accepted ± 20% accuracy.  Internal standard 
was confirmed in all samples for quality control purposes. 
One of the three triplicates for the control were quantified at a low 
calculated concentration.  The concentration for the adult control is 0.010 ng/ml.  
This concentration values however cannot be accepted as the intensity of the 
peak as well as the signal to noise ratio fall below the LOD and LOQ.  The low, 
mid, and high-quality controls all fell within accepted ± 20% accuracy. 
 
Table 2. Trial 1 Average Quantifying Calculated Concentrations of Fentanyl 
for Each Life Cycle. 
Theoretical dose in spiked liver 
ng/ml 
Average Experimental Concentrations 
ng/mL (n=3) 
Spiked 
Liver 
2nd 
Instar 
3rd 
Instar Pupae Adult 
0 (Control) 0 0 0 0.159 0 
1.5 1.56 0.106 0.047 0.616 N/A 
3 2.67 0.098 0.095 0.225 N/A 
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3.2.6 Recovery 
A preliminary recovery of the empty pupae matrix was analyzed following 
the SLE sample preparation method.  This was done to determine if the matrix 
may have had interfering or suppressing effects.  The calibration curve calculated 
a quantifying R2 = 0.99971 value with 1/x weighing.  The low, mid, and high-
quality controls all fell within accepted ± 20% accuracy.  Internal standard was 
confirmed in all samples for quality control purposes. 
The theoretical concentrations analyzed were 25 ng/mL for low and 200 
ng/ml for high.  Due to calculation errors, resulting in inconsistent post sample 
spikes, the recovery results cannot be fully assessed.  Despite this, preliminary 
results do show some loss of recovery from the matrix.  The calculated 
concentration of the neat and post spiked samples is four times greater than that 
from the pre-spiked matrix.  The high, neat and post spiked samples were double 
that of the pre-spiked matrix.  Extraction efficiency for the low 25 ng/mL was 
calculated to be 40%.  Extraction efficiency for the high 200 ng/mL was 
calculated to be 74%.  Process efficiency for the low 25 ng/mL was calculated to 
be 40%, while process efficiency for the high 200 ng/mL was calculated to be 
70%. 
 
3.3 Trial 2 
Standards for fentanyl and fentanyl D-5 were established for LC under 
isocratic conditions, with the former showing a retention time of 5.26 min and the 
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latter 5.24 minutes. Analysis of samples of control liver by SLE and LC-MSMS 
were able to qualitatively confirm the absence of fentanyl in the feeding substrate 
of the control.  Acceptable results were found in lethal and toxic doses. The 
larvae of each life cycle stage and dose were sampled in triplicate and run with a 
calibration curve to qualify and quantify that life cycle stage. Eight-point 
calibration curves with linear fit, 1/x, with a range of 0.5 ng/mL to 250 ng/mL were 
analyzed during each life cycle run to determine LOD/LOQ and confirm 
quantification and qualification of fentanyl in the larvae. Table 3 shows the 
average concentration found for each dose during second, third, and post-
feeding instar. The red boxes in Table 2 indicate values that were detectable by 
the LC but could not be accepted due to not meeting LOQ and LOD criteria.   
Pupae samples were not run in this trial as a separate sample preparation 
method is needed to extract fentanyl from the chitin matrix. 
 
3.3.1 Substrate Samples 
The spiked liver concentration was confirmed by taking triplicate aliquot 
samples of the liver substrate and averaging the concentration.  It was then 
analyzed through the SLE sample preparation and running them on the 
LC/MSMS.  For the high level therapeutic 50 ng/mL theoretical spiked liver, 
results showed a quantifying concentration of 55.3 ng/mL. The substrate was 
spiked with 2 ml of 2500 ng/mL per 50 grams of ground liver.  For the toxic 125 
ng/mL theoretical spiked liver, results showed a quantifying concentration of 
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128.2 ng/mL. The substrate was spiked with 5 ml of 2500 ng/mL per 50 grams of 
ground liver.  For the lethal 250 ng/mL theoretical spiked liver, results showed a 
quantifying concentration of 219.6 ng/mL. The substrate was spiked with 10 mL 
of 2500 ng/mL per 50 grams of ground liver.  For the beyond lethal 500 ng/mL 
theoretical spiked liver, results showed a quantifying concentration of 397.6 
ng/mL. This concentration was above the linear range for the calibration curve 
used, thus this is only an estimated concentration and the data for this dose 
pertains heavily to the affect high amounts of fentanyl has on developmental 
growth. The substrate was spiked with 25 mL of 2500 ng/mL per 50 grams of 
ground liver.  
 
3.3.2 Therapeutic Dose 
The therapeutic dose (50 ng/mL) larvae were sampled in triplicate and run 
with a calibration curve to qualify and quantify accurately.  The calibration curve 
calculated a quantifying R2 = 0.99964 value with 1/x weighing.  The mid and 
high-quality controls (QC) all fell within accepted ± 20% accuracy.  The low QC 
was over the ± 20% accuracy and not accepted in this run.  Internal standard 
was confirmed in all samples for quality control purposes. 
Only one sample of the triplicates from 2nd instar was detected with a 
calculated concentration value of 0.017 ng/mL.  This concentration value 
however cannot be accepted as the intensity of the peak as well as the signal to 
noise ratio fall below the LOQ of this calibration curve.  
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All three samples of the triplicates from the third instar were detected with 
calculated concentration values of 0.190 ng/mL, 0.250 ng/mL, and 0.219 ng/mL.  
However, again, these concentration values cannot be accepted as the intensity 
of the peak as well as the signal to noise ratio fall below the LOQ.   
Only one sample of the triplicates from post-feeding instar was detected 
with a calculated concentration value of 0.018 ng/mL.  This concentration value 
cannot be accepted as the intensity of the peak as well as the signal to noise 
ratio fall below the LOQ of this calibration curve. The other two samples of the 
triplicate from the post-feeding larvae were detected with a calculated 
concentration value of 0.000 ng/mL.   
 
3.3.3 Toxic Dose 
The toxic dose (125 ng/mL) larvae were sampled in triplicate and run with 
a calibration curve to qualify and quantify accurately.  The calibration curve 
calculated a quantifying R2 = 0.99991 value with 1/x weighing.  The low and high-
quality controls (QC) all fell within accepted ± 20% accuracy.  The mid QC was 
over the ± 20% accuracy and not accepted in this run.  Internal standard was 
confirmed in all samples for quality control purposes. 
Two of the three samples of the triplicates from 2nd instar were detected 
with calculated concentration values of 0.485 ng/mL (Figure 4) and 0.397 ng/mL 
(Figure 5).  These values were accepted as they fell above the signal/noise ratio 
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of the LOQ as well as had good peak intensity. The third triplicate was detected 
at 0.000 ng/ml.  
 
Figure 4. Second instar larvae sample from the 125 ng/mL dosed liver with 
a calculated concentration value of 0.485 ng/mL. 
 
Figure 5. Second instar larvae sample from the 125 ng/mL dosed liver with 
a calculated concentration value of 0.397 ng/mL. 
 
All three samples of the triplicates from the third instar were detected with 
calculated concentration values of 1.883 ng/mL (Figure 6), 1.660 ng/mL (Figure 
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7), and 1.477 ng/mL (Figure 8).  These values were accepted as they fell above 
the signal/noise ratio of the LOQ as well as had good peak intensity.  
 
Figure 6. Third instar larvae sample from the 125 ng/mL dosed liver with a 
calculated concentration value of 1.883 ng/mL. 
 
 
Figure 7. Third instar larvae sample from the 125 ng/mL dosed liver with a 
calculated concentration value of 1.66 ng/mL. 
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Figure 8. Third instar larvae sample from the 125 ng/mL dosed liver with a 
calculated concentration value of 1.477 ng/mL. 
 
Post-feeding larvae data was not collected from this dose due to small 
sample size. 
 
3.3.4 Lethal Dose 
The lethal dose (250 ng/mL) larvae were sampled in triplicate and run with 
a calibration curve to qualify and quantify accurately.  The calibration curve 
calculated a quantifying R2 = 0.99964 value with 1/x weighing.  The mid and high-
quality controls (QC) all fell within accepted ± 20% accuracy.  The low QC was 
over the ± 20% accuracy and not accepted in this run.  Internal standard was 
confirmed in all samples for quality control purposes. 
All three samples of the triplicates from 2nd instar were detected with a 
calculated concentration value of 0.695 ng/mL (Figure 9), 0.454 ng/mL (Figure 
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10), and 0.677 ng/mL (Figure 11).  These values were accepted as they fell 
above the signal/noise ratio of the LOQ as well as had good peak intensity. 
 
Figure 9. Second instar larvae sample from the 250 ng/mL dosed liver with 
a calculated concentration value of 0.695 ng/mL. 
 
 
Figure 10. Second instar larvae sample from the 250 ng/mL dosed liver with 
a calculated concentration value of 0.454 ng/mL. 
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Figure 11. Second instar larvae sample from the 250 ng/mL dosed liver with 
a calculated concentration value of 0.677 ng/mL. 
 
All three samples of the triplicate from the third instar were detected with 
calculated concentration values of 0.540 ng/mL, 0.455 ng/mL, and 1.608 ng/mL.  
The 0.540 ng/mL and 0.455 ng/mL concentrations values cannot be accepted as 
the intensity of the peak as well as the signal to noise ratio fall below the LOQ. 
The 1.608 ng/mL concentration was accepted as it fell above the signal/noise 
ratio of the LOQ as well as had good peak intensity (Figure 12).   
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Figure 12. Third instar larvae sample from the 250 ng/mL dosed liver with a 
calculated concentration value of 1.608 ng/mL. 
 
All three samples of the triplicate from the post-feeding larvae were 
detected with a calculated concentration value of <0 ng/mL.   
 
3.3.5 Beyond Lethal Dose 
The lethal dose (500 ng/mL) larvae were sampled in triplicate and run with 
a calibration curve to qualify and quantify accurately.  The calibration curve 
calculated a quantifying R2 = 0.99925 value with 1/x weighing, after dropping 
calibration point 2 (1 ng/mL) and calibration point 7 (100 ng/mL) due to not falling 
within ± 20% accuracy.  The mid and high-quality controls (QC) all fell within 
accepted ± 20% accuracy.  The low QC was over the ± 20% accuracy and not 
accepted in this run. Internal standard was confirmed in all samples for quality 
control purposes. 
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 Two of the three samples of the triplicates from 2nd instar were detected 
with calculated concentration values of 0.037 ng/mL and 0.234 ng/mL. These 
concentration values cannot be accepted as the intensity of the peak as well as 
the signal to noise ratio fall below the LOQ.  The third triplicate was detected at 
0.000 ng/mL.  
Third instar and post-feeding larvae data was not collected from this dose 
due to small sample size from high mortality rates. 
 
Table 3. Trial 2 Average Quantifying Calculated Concentrations of Fentanyl 
for Each Dose and Life Cycle. 
Theoretical dose 
in spiked liver 
ng/ml 
Average Experimental Concentrations 
ng/mL (n=3) 
Spiked 
Liver 
2nd 
Instar 
3rd 
Instar 
Post-
Feeding 
0 (Control) <0 <0 <0 <0 
Beyond Lethal 
(500 ng/mL) 
397.6 0.271 N/A N/A 
Lethal (250 
ng/mL) 
219.6 0.608 1.608 <0 
Toxic (125 ng/mL) 128.2 0.441 1.673 N/A 
Therapeutic (50 
ng/mL) 
55.3 0.017 0.219 0.018 
 
 
3.3.6 Growth and Development 
 The development rates were measured for the control, therapeutic (50 
ng/mL), lethal (250 ng/mL), and beyond lethal (500 ng/mL) dosed larvae. The 
toxic dose (125 ng/mL) larvae was not measured due to a potential delay in 
development from minimal food substrate.  
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 Table 4 shows the average length for each life cycle each day from 
second instar to adult. Table 5 shows the average width for each life cycle each 
day from second instar to adult. The average development time from second 
instar to adult for control, therapeutic, lethal, and beyond lethal dosed larvae was 
9 days, 19 days, 14 days, and 12 days respectively. The black color of the boxes 
indicates that second instar was not confirmed and measurements were not 
taken. The pink boxes indicate the larvae in second instar for that dose. The blue 
boxes indicate the larvae in third instar for that dose. The orange boxes indicate 
pupae while the green boxes indicate adult flies. The colors give a representation 
for how long the larvae were in their respective life cycle throughout 21 days. 
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Table 4. Average length of larvae each day from 2nd instar to adult. 
  Length of larvae (AVG) 
Dose 
Beyond 
Lethal Lethal Therapeutic Control 
Day         
1         
(2nd instar) 2     4.18   
(3rd instar) 3   5.82 9.61 6.01 
4   5.56 9.67 8.46 
5 3.73 6.76 12.33 9.68 
(Pupae)  6 5.11 9.99 7.38 9.82 
7 5.24 11.93 N/A 7.75 
8 6.87 12.89 N/A N/A 
9 7.95 11.77 N/A N/A 
10 8.29 8.73 N/A N/A 
(Adult) 11 12.16 7.16     
12 7.71 N/A     
13 N/A N/A     
14 N/A N/A     
15 N/A N/A     
16         
17         
18         
19         
20         
21         
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Table 5. Average width of larvae each day from 2nd instar to adult. 
  Width of larvae (AVG) 
Dose 
Beyond 
Lethal Lethal Therapeutic Control 
Day         
1         
 (2nd instar) 2     1.3   
(3rd instar) 3   1.15 2.17 1.4 
4   1.19 2.46 2.12 
5 1.06 2.02 2.55 2.6 
(Pupae) 6 1.53 2.28 2.72 2.55 
7 1.25 2.28 N/A 2.8 
8 1.45 2.58 N/A N/A 
9 2 2.41 N/A N/A 
10 2.39 3.06 N/A N/A 
(Adult) 11 2.44 2.45     
12 2.85 N/A     
13 N/A N/A     
14 N/A N/A     
15 N/A N/A     
16         
17         
18         
19         
20         
21         
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4. DISCUSSION 
4.1 Sample Preparation Methods 
A direct comparison cannot be made for SPE and SLE as the sample 
analyte concentrations were not the same.  However, in comparing time, money, 
SLE was the preferred method of choice.  There was no need for loading or pre-
wash steps in the method.  The sample was able to be directed, loaded, and 
eluted with an appropriate solvent in one step.  SLE could use human whole 
blood, thus skipping a step in needing to centrifuge and saving time.  Less 
material waste was used with SLE because of the direct loading and eluting of 
the samples onto the columns.  For now, SLE is the best sample preparation 
method for its simplicity and quickness.  However, further comparisons of SLE 
and SPE of similar sample doses of fentanyl should be run to determine optimal 
methods and if the time and material saved is worth a significant amount of 
sample recovery. 
 
4.2 Quantitative Analysis of Spiked Samples 
The detection of toxins in insect matrices has become a more frequent 
topic of discussion over the past decade.  With the increase of accidental 
overdosing of non-pharmaceutical fentanyl and the uncertainty of its postmortem 
redistribution abilities, this study aimed to research alternate biological sampling 
for drug quantification.  Previous research has been conducted looking into 
metabolism and detection of toxins in a variety of blowfly species, including 
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methamphetamine, ketamine, morphine, cocaine, barbiturates, amphetamines 
and more.39,40,41  It should be noted that because of the different pharmaceutical 
effects of each drug in different species, one studies results does not confer a 
direct correlation with another.  
The results of this study show that it is possible to detect trace levels of 
fentanyl in the larvae of the P. regina blowfly.  In trial 1 of this study, out of all the 
samples evaluated, only one sample from the pupae group was above the 
established LOD and LOQ for the method.  However, in follow up trials, with 
higher levels of fentanyl in the substrate, subsequent concentrations were 
detected in second and third instar larvae that fed on toxic and lethal level dosed 
liver. 
Liquid Chromatography techniques have been used previously for larvae 
samples to detect benzodiazepines, acetaminophen, phenobarbital, amitriptyline, 
and select barbiturates.39, 40, 41  Kintz et al. were able to detect low levels of 
benzodiazepines, 22 ng/g - 204 ng/g, successfully in all larvae cases sampled.40  
However, Kintz the authors concluded that a correlation could not be made 
between larvae and human tissue as the ratios varied due to different tropisms of 
drugs in different organs.40  In a study done by Wilson et al. on Calliphora vicina  
with acetaminophen and amitriptyline, no drug or metabolite was detected past 
the larvae stage in the pupae or puparial casings.41  They concluded that fly 
larvae eliminate different drugs with varying efficiency.  Sadler et al., reported 
similar results in Calliphora vicina with amitriptyline with a wide range of 
44 
detectable concentrations with no correlation to the dosed food substrate.42  
Sadler et al. also stated that in high drug concentrations, biological variability was 
exceptionally high.42  Although our preliminary trial evaluated trace level amounts 
of fentanyl, the inconsistent results even among triplicate samplings support 
Sadler’s claim concerning biological variability. This was seen again in our study 
during trial 2 when both toxic and lethal dosed third instar larvae had similar 
quantitative results even though the lethal dose was double the concentration. 
Our study concludes there is no correlation between substrate concentration and 
that found in sampled larvae.  
Furthermore, Gagliano noted sharp decreases of drug concentrations in 
non-feeding larvae and suggests that active larvae are ideal for testing if 
collecting straight from the source, to obtain quality samples and to avoid false 
results using irrelevant insects from the crime scene.19 The decrease in drug 
concentration was corroborated in our study as the two doses that were tested 
(lethal and therapeutic), neither had detectable or acceptable concentration 
levels of fentanyl. Gagliano tested on an unknown assortment of Diptera species 
that were collected from the scene and autopsy.  
As for the pupae samples, there are studies that analyzed this life stage 
for toxins but were not detected 41,42  This reportable absence of drugs in pupae 
could be contributed to the elimination of drugs during the larval stage or a 
method that was not sensitive enough to detects trace level toxins.  Reversely, 
however, Goff et al. claimed to find a direct correlation between his MDMA 
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concentration in tissue and pupae in the species Parasarcophaga ruficornis 
(Diptera).37  In our study, the only time we were able to detect concentrations 
above the LOD and LOQ was during trial 1 in the pupae stage.  The 
inconsistency with detection could be explained by the difference in fly species or 
the difference in the biological reactions depending on the drug in the food 
substrate. However, these results must be interpreted with caution as the sample 
extraction method was not ideal for pupae. Further testing should be done on the 
pupae from dosed larvae using a modified method from Magni et al. in which the 
pupae are dissolved in nitrogen and the fentanyl extracted out of the chitin with 
methanol.14
 
In trial 1, our study did detect low-level concentrations in the adults; 
however, this is most likely due to carryover from the quality controls.  Organic 
substances are generally not detected in adult flies, and this life stage is only 
suitable for the determination of inorganic compounds such as metal.43  Wilson et 
al.  concluded from their results on Calliphora vicina that drugs do not 
bioaccumulate throughout larval life-cycles, thus suggesting maggots efficient 
elimination ability.41  This is confirmed in other studies that report an elimination 
process before metamorphosis.11,43,44  For our research, a definitive stance 
cannot be taken on this as the adult stage in this study was the control, which 
suggests that carryover may have played a role and skewing definitive results.  
Empty puparial cases could prove to be the most useful in 
entomotoxicology because of their durability and proximity to human remains 
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after a few years. Although puparial cases may be easy to obtain, because of the 
length of time that may have passed from time of death to discovery, caution 
must be taken when collecting. Samples that are irrelevant to the crime may 
present false results as well as that fact that a lack of toxins in insect matrices 
doesn’t mean there wasn’t drug present in the body.  Our study results remain 
inconclusive as the need for a validated method for detecting fentanyl in pupae is 
needed for high accuracy results.   
In trial 1, the concentrations of drugs in the food substrate were low, and it 
cannot be concluded whether the lack of detection is from the method or fly 
metabolism.  As with false negatives, so have others found false positives in 
which the maggots were positive for toxicological analytes of interest yet absent 
in the food substrate.2,11  In trial 1, the control in the adult flies was positive for a 
small amount of fentanyl concentration, which means the absence of a drug from 
a tissue does not imply its absence from feeding maggots.  In cases like this, it’s 
essential for a laboratory to establish clear LOD and LOQ for identification and 
quantification as well as to have measures in place for carryover for high levels of 
fentanyl, which was most likely seen here in this study. 
In our trial 2 study the increase of the concentration of fentanyl in our food 
substrate did not correlate with what was detected in the larvae.  In fact, the 
lowest dosed liver (therapeutic 50 ng/mL), was the only dose in which a very low 
level of fentanyl was detected in the post-feeding instar. Detection of toxins can 
only occur when the rate of absorption exceeds the rate of elimination and the 
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low detection in post-feeding larvae corroborate other studies that larvae are 
eliminating the toxin once they stop feeding. Due to the significant variability in 
detectable drug concentrations in large ranges of fentanyl, this study suggests to 
test actively feeding 3rd instar for best results.   
 In conclusion, detecting low levels of fentanyl in insects will need a more 
sensitive instrument for detection and quantitation as well as a more effective 
sample preparation technique which can better concentrate the analyte of 
interest in the fly matrix.  
 
4.3 Recovery 
Recovery was run on empty puparial cases in a preliminary trial to 
determine any loss of analyte concentration from the matrix.  Confirmative 
conclusions cannot be made as it’s unclear whether the concentration results are 
from the matrix or other errors.  The internal standard area is higher in the post-
spike sample, thus concluding the issue may have been too much internal 
standard.  Preliminary runs using SPE did not seem to have any matrix 
interferences with the large dosed samples. However, a full recovery run was not 
conducted on the SPE, and this assumption can only be made based on peak 
area and noise to signal ratios being within acceptable ranges. Furthermore, 
regarding sample preparation studies, previous work stated that for protein 
entomological material, such as puparial cases, it’s ideal to follow modified hair 
extractions techniques.43  Entomological samples are usually analyzed the same 
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as other human tissue, but the use of strong acids or bases have been 
recommended for use to break down the chitin matrix and release the toxins.43  
 
4.4 System Contamination and Carryover 
During the runs, there was a notable peak at 7 minutes that appeared in 
multiple sample quant chromatograms in every batch, from larvae to pupae, in 
both trial 1 and trial 2 (Figure 13).  The peak was not seen in the quality control 
samples or the calibration curves which concludes this contamination may be in 
the sample matrix.  
 
 
 
Figure 13. Contamination peak seen in every quant batch and sample set 
from 2nd instar to pupae 
 
 Another concern that lessens the validity of the results in the preliminary 
trial is the carryover noted in each batch run. In the larvae and pupae batches, it 
was noted that the negative and double blank samples were getting small but 
noticeable peaks matching with the retention times for fentanyl and fentanyl-D5.  
Additional solvent blanks were added after the highest calibrator, 250 ng/mL, and 
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the highest quality control 150 ng/mL. The following solvent blanks would show 
retention time peaks in decreasing concentration.  The conclusion was that some 
of the analyte was not washing off between injections. 
 Before the adult batch run of the control was performed on the LC-MSMS, 
troubleshooting was attempted to correct for this carryover concern.  Both mobile 
phases were changed out to pure methanol and run through the system using 5 
solvent blanks.  A slight change in the method was corrected so that the rinsing 
volume on the autosampler was increased.  Air blanks were run before the 
beginning of a new batch, and four solvent blanks were run in between each set 
of the batch.  
The running of methanol through the system and the additional air blanks 
did help decrease the overall carryover that was seen.  However, even though 
these precautions were taken, and extra solvent blanks were added in between 
each sample, there was still some detection of concentration in the adult control 
samples.  Because of this, the clarity of results for trial 1, especially for the pupae 
concentration that was above the LOD and LOQ, cannot be absolute as 
carryover may be skewing results and such low trace quantities of fentanyl in trial 
1.  These carryover issues were resolved for trial 2 with the use of additional 
solvent blanks and longer rinsing volume between injections. The study for trial 2 
encountered no problems with carryover that would impede the conclusion of the 
quantitative results. However, further troubleshooting on the LC-MSMS should be 
done to enhance the sensitivity results or other changes in the method for 
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optimization should be considered before running any more samples as low and 
consistent limit of detection and quantitation is needed for fentanyl.  
 
4.5 Development and Survival Rates 
 The changes in growth and survival rates on any dosed larvae are an 
essential part of sampling for forensic entomologists as these factors play a 
substantial role in PMI estimation.  These changes will vary depending on the 
species and the ingested toxins from the food substrate.  Goff et al. concluded in 
Parasarcophaga ruficornis that when dosed with amitriptyline, there were no 
significant differences in rates of larval growth, but the larval stages were 
significantly longer as well as had increased mortality rate.39  In a subsequent 
study by Goff et al. using 3,4-methylenedioxymethamphetamine, they discovered 
the opposite in that the larvae developed rapidly, and completion of development 
was significantly shorter and had low total mortality rate during development.37  
This study found that during the preliminary trial, the development was 
significantly longer or completely halted for different stages, even with very low 
doses of fentanyl.  
 The actual contribution to the extreme decrease of the development of the 
life cycles in the preliminary trial was due to the temperature.  The larvae were 
housed in a room with an ambient temperature of 20.5 °C, which is significantly 
too cold as the optimal temperature is 27 – 28 °C.  To compensate for the low 
temperature in the room, a heat lamp was placed facing the insects as they 
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progressed, and the housing units were positioned in a spot where sunlight was 
abundant. A thermometer was placed near the housing containers for the insects 
and monitored daily, with readings averaging 24 – 26 °C.  The larvae were 
checked and confirmed for the instar stage by counting the number of posterior 
slits inside paired spiracles. 
 
Figure 14. Sample larvae taken from control batch. (A) Two spiracle slits 
indicating a 2nd instar larvae. 
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Figure 15. Sample larvae taken from control batch. (A) Three spiracle slits 
indicating a 3rd instar larvae. 
 
According to research, at 25° C, P. regina is expected to produce their first 
instar at around 18 hours, the second instar at 26 hours, the third instar at 58 
hours, and pupae at 134 hours.21  These times will vary greatly with even the 
slightest change in temperature as 2-3 °C in either direction will accelerate or 
delay the progression of each stage by 8-20 hours, respectively. According to 
Byrd and Allen, at 20 °C the first instar will be produced at 18 hours, the second 
at 36 hours, the third at 62 hours, and the pupal stage at 188 hours.21  Our 
preliminary trial observed that the larvae were moving away from the food source 
during the 2nd instar and not the 3rd, which is too soon in the development stage.  
The most likely reasoning for this would be that in the night, the heat lamp was 
not enough to keep the temperature steady and it dropped, essentially slowing 
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down and halting the life cycles.  In insects, this is known as diapause.  Diapause 
is a form of development arrest in insects that is comparable to hibernation in 
other animals.43  If diapause occurs in response to shifts in the environment, it is 
known as facultative diapause.43  Diapause usually occurs to avoid harsh 
conditions like winter but may also occur with lack of sunlight and lack of food.18  
Our study showed that the drop in temperature at night was enough to send the 
larvae off of the food source too early in development and into a hibernation-like 
state during trial 1 for both the controls and doses.  An additional heat source 
was added near the housing containers, but it did not help further development of 
either of the dosed pupa, and they did not emerge into adults. The control pupae 
were able to continue the life cycle. The large effect that inconsistent temperature 
plays on development and survival rates was significant enough that this study 
cannot conclude whether the development rates of the larvae were from the 
fentanyl or from the temperature.   
For trial 1, the issues with the heat lamp and temperature were addressed 
and the temperature of the housing units ranged between 25 – 28 °C for the 
entire duration of this trial. Measurements and development were studied with 
the theory that the only variable being considered was the difference in doses. 
Our study found that there was no linear correlation between doses and 
length/width of the larvae but there was a trend in that a higher dose would 
increasingly delay the time larvae needed to reach each instar stage.  A longer 
development doesn’t necessarily mean a higher dose. This study found 
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development variability from the control ranging from one day to five days. This 
kind of range can highly affect minimum post mortem interval estimations if 
potential drug toxicity of larvae is not taken into consideration.  
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5. CONCLUSIONS 
5.1 Applicability to Forensic Science 
There have already been several studies that have confirmed the reliability 
of entomological specimens for qualitative analysis; however, quantitative 
extracts remain questionable and unreliable.  Even in a perfect laboratory setting, 
results are extremely variable, and the likelihood of finding repeatability with 
results in an actual criminal case is rare.  This preliminary study supports this 
claim in not finding any correlation between spiked food substrates and the 
concentration found in the analyzed insect.  
In our results, we saw that after being fed liver substrate with various 
amounts of fentanyl, the detection if any, of the drug in the life cycle stages was 
minimal and inconsistent. Most of the results fell under the LOD and LOQ for the 
method used for the LC-MS/MS unless the dose reached high concentration 
levels of fentanyl. False positives were seen in the control and must be 
concluded for forensic entomology analysis that a positive sample doesn’t mean 
there was a drug present in the food substrate and vice versa. Recovery 
involving chitinized empty puparial cases should be re-run as preliminary results 
remain inconclusive due to a calculation error. As such, utilizing a separate 
method for the empty puparial case would be ideal for optimum recovery. 
Carryover peaks were seen in high doses of fentanyl, and it is suggested that for 
further research to resolve the issues with carryover to obtain better assurance 
and quality results. In our preliminary study, as the larvae changed life stages, 
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only the control group emerged successfully into adults. The development and 
survival rates of the larvae were noted but ultimately deemed inconclusive due to 
inconsistent temperatures forcing the larvae into diapause. During trial 1 
development was delayed with the addition of fentanyl but not linearly and 
concludes that other unknown factors besides fentanyl may have been 
contributing.  
If larvae are to be used for analysis in entomotoxicology, for now, they can 
only be a piece of the puzzle of a larger picture of investigation during the 
autopsy. There are no standard sampling techniques or instrumentation methods 
in place for forensic toxicologists. The sampling site of the insect, sampling 
number, sampling preparation, and instrumentation analysis vary significantly 
from study to study. The conclusions regarding correlation in insect larvae and 
their food substrate remain up for debate. More research is needed and must be 
done as well as the community establishing guidelines and a database for 
entomologists to follow to allow for accurate comparisons. Other factors such as 
the considerable variation in toxins found in a corpse, decomposition chemicals, 
and different carrion insects during different times of the year, more research are 
needed before correlations can be confirmed. As for development and survival 
rates, this remains to be the most important to note when studying toxins in 
insects. As they are used in PMI estimation, any kind of variation in size and 
development should be studied for more precise estimation.  
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5.2 Future Directions 
There is an abundant amount of research still needed regarding 
entomotoxicology including physical effects of multiple toxins on growth, 
consistent and reliable standards, and optimal sensitive instrumentation 
methods.  
Our study specifically would benefit from a few changes to the procedure.  
Hair extraction technologies are generally used to extract drugs from chitinized 
insect remains.45  In the case of this research, reevaluating the method for the 
empty puparial cases before running another round of recovery would be optimal.  
Gagliano also found the best organic extraction from using SPE.19 This matches 
with our preliminary experiments that had good calibration curve responses using 
SPE and we may benefit to switching back to that method.  Validating the 
method specifically with empty puparial cases and fentanyl using LC-MSMS that 
look further into bias, precision, matrix effects, and stability would be beneficial, 
and there are only a few studies that currently have done so.45  Empty puparial 
cases often remain around a carcass well beyond common biological 
substances, looking into the drug stability of these samples in different 
environments would be another point of interest. Stability of different toxins in this 
matrix and larvae should also be explored further. 
This study only looked at fentanyl, but realistically, this drug will most likely 
be used as an additive for other illegal encountered substances such as heroin 
and cocaine. Sadler stated that drug accumulation became unpredictable when 
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larvae encounter more than one drug or even different concentrations of a single 
drug.42  Future directions may want to look at fentanyl and its metabolites, 
cocaine or heroin, both commonly found mixed with fentanyl.  Going further with 
this, focusing on the physiological process during the feeding stage as well as 
drug metabolism and accumulation mechanisms in different species. 
Determining standards for entomotoxicologists could also be beneficial.  
This could include determining which insect phase is of highest interest in 
detecting drugs thus saving time and materials in the lab.  Furthermore, studying 
which tissue will lead to the most accurate and reproducible drug concentrations, 
increasing reliability of toxicological results.  This is something that will vary as 
flies are attracted to open wounds on a carcass, but there may some general 
determination for consistency of analysis. Determining sensitive enough 
techniques that can detect minimal sample size, as far as individual samples, 
should be explored.  
There is a need for further research in entomotoxicology and although 
qualitative analysis has been determined, finding consistent quantitative results is 
rare and hard to compare due to different methods, species, food substrates, and 
toxins tested.  As we move forward with research regarding entomotoxicology, 
we should remember to use standard guidelines and strive towards establishing 
a working database with information. Further research should try to establish 
these guides while working on optimal extraction and analytical techniques.  
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